ABSTRACT
The major histocompatibility complex presents antigenic peptides on the surface of antigen presenting cells to T cell receptors. Recognition of peptide-MHC by T cells initiates a cascade of signals in T cells which maintains a T cell dependent immune response. An understanding of the how peptides bind to MHC class I molecules is an important prerequisite in the design of vaccines. Herein, we will discuss, with special emphasis on MUC1, unusual features of MUC1 peptide binding to MHC class I, obtained from vaccine studies including a MUC1 peptide mimic and the crystal structures of low and high affinity peptides lacking canonical anchor motifs in complex with H-2K b .
INTRODUCTION
MUC1 is a high molecular weight glycoprotein overexpressed by adenocarcinomas. We have used mannan-MUC1 for the selective delivery of MUC1 peptides to the MHC class I pathway (1) (2) (3) . MUC1 peptides can be presented by a variety of class I molecules and can generate MUC1 specific CTLs reacting with various 9-mer epitopes (from the variable number of tandem repeats region; VNTR) that can be presented by different murine H-2 molecules and by human HLA-A2 (4, 5) . For the most part, these 9-mer peptides have unusual features compared to high affinity peptides in that they lack defined anchors and bind with low affinity. Nonetheless, high avidity CTLs are produced after immunization with mannan-MUC1 (4, 5) . It was also noted that 5-8-mer MUC1 peptides could bind to H-2K b by successive deletion of amino acids at the C-terminus of the 9-mer peptide (SAPDTRPAP; MUC1-9). In addition, several MUC1 mutants have been generated as well as a MUC1 mimic peptide. The MUC1 peptides have other novel features. They bind in an unusual fashion in that the mid and C-terminal regions loop out of the groove more than other MHC class I binding peptides and are accessible to MUC1 antibodies. Indeed, MUC1 peptides are the only known peptides which are accessible to peptide-specific antibodies whilst still in the groove of class I molecules, although other antibodies can react with peptide/MHC complexes or with peptides that have an MHC-dependent configuration (6) (7) (8) (9) .
We have recently determined the X-ray structure of an 8-mer MUC1 peptide (SAPDTRPA) in complex with MHC class I H-2K b , and demonstrated that the anchor side chains pointing into the groove are small -the anchor pockets are not completely filled compared with high affinity peptides. These findings account for the low affinity binding of SAPDTRPA peptide to class I. We also have determined the structure of a yeast peptide SRDHSRTPM, also lacking canonical anchor motifs, but which binds with high affinity.
Herein we will review the presentation of peptides by MHC class I molecules and unusual features of their binding including a discussion of the binding of longer and shorter peptides, glycopeptides, low affinity peptides, peptides with non-canonical anchor motifs and a MUC1 mimic peptide. All of this structural and immunological information can be harnessed towards new approaches to tumor immunotherapy and in the design of new vaccines for many microbial diseases.
MHC CLASS I MOLECULES
In 1987 the first X-ray crystallography structure of an MHC class I molecule, HLA-A2, was determined (10) . MHC class I consists of a polymorphic transmembrane heavy chain (43 kDa) which is noncovalently associated with β2-microglobulin (12 kDa). The X-ray crystal structure demonstrated that the α1 and α2 domains combine to form a platform of eight antiparallel β strands that were straddled by two long antiparallel α helices (10). A groove is formed between the helices that identified the binding site for processed peptide antigens. Later, when the first single peptide complexes for murine and human MHC class I were determined (11) (12) (13) (14) , the side chains of certain peptides, called anchor residues (15) , were shown to fit into specificity pockets on the floor of the groove. The amino acid residues that line the peptidebinding groove determine the individual specificity of the peptide-MHC interaction. The peptide binding groove can be subdivided into various pockets (A-F) (16).
For MHC class I, the peptide length varies from 8-9-mers (H-2K b , HLA-A2) and up to 13-mers (HLAAw68) (15) . The non-anchor peptide residues that point upwards can interact with the TCR. Crystallographic studies of many human and murine MHC class I molecules have now shown that the N and C termini of the peptides are fixed and anchored in the groove by conserved interactions of MHC side chains with the peptide backbone. Anchors are generally in positions P2 and P9, but for H-2K b are P6 and P9 for 9-mers or P5 and P8 for 8-mers. For H-2K b , the preferred anchors are Phe/Tyr for the central P5/6 residues and Leu/Met at the C-terminus (P8/9); in some instances, Tyr at P3. Other positions may also contribute to MHC binding specificity and have been termed secondary anchors (17) . Although, these anchor residues are required for stabilization and high affinity binding of peptide to MHC, some peptides which do not contain the canonical anchor residues can still bind and be presented by MHC class I and be targets for CTL (4, 5, (18) (19) (20) (21) . Until now, it has not been clear how such non-standard or low affinity peptides are presented by MHC class I molecules in order to serve as targets for CTL. Thus, we have recently determined the crystal structures of two peptides lacking canonical anchor motifs (one with low affinity and the other with high affinity binding) presented by H-2K b which describes their mode of binding. (5, 23, 24) . It was of interest that seven MHC class I binding epitopes could be found in a single 20-mer sequence. This finding is unusual but not unique; similar examples of promiscuous epitopes have been previously described for HIV-gp120 and Epstein-Barr virus nuclear antigens (25, 26) . Recently, peptides lacking canonical anchor motifs, SAPDTRPAP and APGSTAPPA, presented by H-2K b and H-2D b respectively, were identified in MUC1 transgenic mice immunized with dendritic-carcinoma fusion cells (27) . Similarly, these epitopes were recognized by CTL generated in MET transgenic mice which are MUC1 transgenic and develop spontaneous tumors of the pancreas and develop MUC1-specific CTL Thus, MUC1 VNTR peptides bound to MHC class I molecules have some unusual features, which were further exemplified by antibody binding and modelling studies. We previously demonstrated that MUC1-9 (SAPDTRPAP) could loop out sufficiently at the mid and C-terminus to be detected by anti-MUC1 peptide monoclonal antibodies when bound to H-2K b (21) . Monoclonal antibodies, VA2 (epitope, DTRPA), BCP8 (DTR; middle of the peptide), BCP10 (RPAP; C-terminal residues) were able to bind to the peptide when presented by MHC class I on RMA-S cells, as measured by FACS staining of peptide pulsed RMA-S target cells (21) . Interestingly, the monoclonal antibody, BC2 (APDTR; Nterminal residues) was non-reactive, suggesting that the Nterminal region was not exposed and buried in the MHC groove. The antibodies to the mid and C-terminus of the peptide blocked CTL killing but not antibodies to the N terminal sequence. From molecular modelling, it was suggestive that the C-terminus looped out and that the central Arg pointed down into the peptide binding groove (21) . It was also noted that at the predicted position of this Arg in the peptide, there was an Arg-155 closely in the α2 domain of the MHC, and it was proposed that the monoclonal antibodies could substitute binding of Arg-P6 of MUC1 by binding to Arg-155 of the MHC. In fact, Arg-155 has been found to be an important TCR contact residue for the 2C TCR (30); thus, it is possible that the monoclonal antibodies are recognizing a subset of residues as those of the TCR. Similarly, the MUC1 peptide (APGSTAPPA) bound to H-2D b , but does not contain the canonical anchor residue Asn-P5. It was predicted that the central region looped out as it was accessible to the monoclonal antibody, BCP9 (GSTAP); BCP9 could also block CTL killing (21) . Furthermore, HLA-A2 bound peptides SAPDTRPAP and STAPPAHGV (5) . Similarly, monoclonal antibodies to the mid and C-terminal end were able to bind to SAPDTRPAP when bound in the groove and inhibited CTL lysis of peptide pulsed target cells, although no antibody binding (epitope, APPAH) was noted for the canonical anchor motif peptide STAPPAHGV (21) . All of these MUC1 peptides lacking canonical anchor motifs are presented by MHC class I molecules on tumor cells, as CTLs lyse MUC1 + tumor cell lines (1-5). Furthermore, HLA-A2 peptides eluted from human breast and pancreatic tumor cells by acid elution and purified by immunoaffinity using the anti-class I mononclonal antibody (W6/32), and after separation by HPLC bound the antipeptide monoclonal antibody BCP8 (DTR) 
UNUSUAL FEATURES OF PEPTIDE BINDING TO

Binding of longer peptides
It is currently considered that MHC class I molecules preferentially bind peptides 8-10 amino acids long, the size restriction being due to peptide-MHC interactions. Crystal structures of peptide-MHC complexes have clearly shown that peptides are held at their N and C termini by a network of hydrogen bonds between conserved MHC residues at either end of the class I binding site and the peptide. MHC class I, H-2K b , can bind peptides 8 or 9 amino acids long, and the mechanism of binding of longer peptide involves creating a bulge at the center of the peptide, leaving the N and C termini interactions unchanged (13, 14) . However, longer peptides may be accommodated by MHC class I by protrusion, primarily at the C-terminus. The crystal structure of a 10-mer peptide bound to HLA-A2 showed a single glycine C-terminal extension extending from the binding groove (32) . Peptides with the addition, at the N-or C-termini, of two amino acids of the VSV8 and OVA8 peptides bind to H-2K b (14) ; four residues could be added at the C-but not at the Nterminus of a VSV8 peptide bound to H-2K b (33) . A peptide extended at the C-terminus by 10 amino acids (an 18-mer) binds to H-2K k as it could be eluted from the MHC class I molecule (34) . Recently, it was demonstrated that extensions could occur at either the N-or C-terminus for H-2K k , H-2K b and H-2D b molecules (35) . T cells were able to identify the extension; thus, peptide extensions may play a role in the specificity of the T cells (35) . In addition, we have demonstrated that H-2K b can bind SAPDTRPAP peptides that are extended by up to 5 residues at the Cterminus Table 1 [Apostolopoulos et al., manuscript in preparation]. It is clear that MHC class I molecules can bind longer peptides and such peptides may be of importance in the design of peptide based vaccines.
Binding of shorter peptides
Immunization of mice with mannan-MUC1 generates CTL that recognize both peptide-pulsed and MUC1-transfected target cells and protects mice against a MUC1 + tumor challenge (1, 2). MUC1-9 presented by H-2K b , can also be presented and recognized by CTL as a 5-mer to 8-mer (deletion at the C-terminus) when RMA-S cells are pulsed Table 1 (36) . The 4-mer, SAPD, is not presented, nor lysed, by CTL. Other short immunogenic peptides for class I have been demonstrated to bind to H-2L d and to be recognized by CTL, including, a 3-mer (QNH), 4-mers (QNHR, ALDL, PFDL) and 5-mers (RALDL, HFMPT) (37-39). These observations are clearly outside the normal structural guidelines for tight binding of class I peptides, deduced from crystal structures of many peptide-MHC complexes.
Binding of low affinity peptides
Studies of T cell epitopes have focussed on peptides with high affinity binding to MHC class I molecules. Low affinity peptides are not usually detected by elution methods and prediction algorithms, and are thought to not sufficiently activate T cells due to their low stability which usually correlates with overall immunogenicity. However, low affinity tumor peptides have been identified for Lewis lung carcinoma (MUT1 and MUT2), and for MUC1 (4, 5, 36, 40) . The affinity of MUC1-9 binding to H-2K b at 4°C, 23°C and 37°C is in the10 -5 M range but for MUC1-8 is higher in the 10 -7 M range at 4°C and 23°C, although the complex is not stable at 37°C (36) . Both of these peptides are much lower in affinity than high affinity binding peptides (10 -9 M range from 4-37°C) such as OVA8, VSV8 and SEV9. It is of interest to speculate that low affinity binding of peptides could be less tolerogenic in vitro and, therefore, more immunogenic.
Binding of glycopeptides
Antigens presented by MHC class I molecules for recognition by CTL are primarily 8-10-mer cytosolic peptides. Until recently, it was not known whether posttranslationally modified peptides could be presented by MHC class I molecules in vivo. Cytoplasmic proteins undergo a number of different post-translational modifications, such as cytosolic O-β-linked glycosylation of serine and threonine residues with N-actetylglucosamine (GlcNAc). Synthetic glycopeptides with O-β-GlcNAc substitution on serine residues can be efficiently transported by TAP into the ER and bind MHC class I and elicit glycopeptide-specific CTL in mice (41) . Glycopeptide-specific T cells can also be generated after immunization of mice with a synthetic peptide conjugated to GlcNAc (42); such peptides presented by human class I MHC molecules in vivo comprise a significant amount (0.1%) of peptide with GlcNAc. In addition, peptides eluted from HLA-A2 molecules contained GlcNAc glycopeptides, providing further evidence that glycopeptides can naturally be presented by human class I MHC in vivo (43) . The H-2K b presented peptide, VSV8, with P6 linked to galabiose disaccharide is able to activate T cells (44) and the crystal structure of H-2K b -VSV8 glycopeptide was determined (45) . The crystal structure of a synthetic O-GlcNAc bearing peptide in complex with MHC class I H-2D b has also been determined (46) . This MHC peptide complex can generate H-2D b glycopeptidespecific CTL in mice. In addition, glycopeptides have been demonstrated to bind MHC class II molecules, I-A k and I-E k (47, 48) . The HEL peptide, 52-61, can be presented as a glycopeptide by I-A k and recognized by CD4 + T cells (48) . By making changes in the saccharide molecule and in the peptide, it was concluded that the TCR made specific contacts with both the sugar and the exposed side chains of the peptide.
MUC1 is highly glycosylated and, as result of aberrant glycosylation during cancer, MUC1 exposes certain carbohydrate, peptide and possibly glycopeptides that are not normally exposed on the normal mucin. In addition, due to the overexpression of MUC1 on cancer cells as compared to the normal cells, it is possible that such glycopeptides are presented by MHC class I or class II molecules for recognition by T cells. A number of studies have demonstrated potential glycosylation sites within the MUC1 VNTR region (49-51) and studies are being pursued to identify specific glycopeptides presented by MHC class I or class II molecules. The identification of such glycopeptides which are capable of stimulating an immune response, may be of potential value for immunotherapy studies in cancer.
LOW AFFINITY PEPTIDES BINDING TO MHC CLASS I: USE IN TUMOR IMMUNOTHERAPY
Vaccination with peptides derived from tumor antigens has been successfully achieved in experimental mouse models with the induction of CTL and tumor protection. The efficacy of the vaccination depends on the ability of peptides to induce and activate high avidity CTL. High affinity peptides which bind to MHC class I molecules usually induce such high avidity CTLs. However, if the tumor antigen is tumor-associated rather than tumor-specific, the vaccination may not be effective. MUC1, like most tumor antigens, is a tumor-associated antigen, in that it is expressed in normal tissues and overexpressed on cancer cells. Since most tumor antigens are self antigens, their specific CTL repertoire would most likely be deleted, as demonstrated for p53 (52, 53) leading to tolerance. This tolerance particularly concerns the high affinity MHC-associated immunodominant epitopes, but not low affinity epitopes (54) . Thus, for tumor immunotherapy, it is conceivable that the best candidate peptides for immunization are the low affinity binding peptides. A major problem in the use of low affinity peptide epitopes for immunotherapy is the difficulty of their identification due to their poor immunogenicity. The affinity of peptide binding to MHC and the stability of the peptide-MHC complex has been shown to correlate with overall immunogenicity (55, 56) . Furthermore, low affinity peptides cannot be detected by elution studies and prediction algorithms. Thus, peptide identification by systematic binding studies and recognition of peptide-MHC by TCR can be used for their identification. However, enhancement of the immunogenicity of low affinity MHC binding peptides is desirable where mutations could be made to the peptide anchor side chains to increase their affinity. respectively, were not able to stabilize RMA-S cells as determined by FACS; however, they were recognized by peptide-specific CTL (4). Mutations of SAPDTRPAP to SAPDTYPAL and APGSTAPPA to APGSNAPPA could stabilize class I on RMA-S cells (4). Furthermore, the H-2K b low affinity peptide, MUT1 (a peptide from Lewis lung carcinoma), when mutated at P3, P5 and P8, has increased stability and peptide affinity for RMA-S cells (57) . In addition, the low affinity MUC1 peptide (SAPDTRPAP) that binds to HLA-A2 has been converted by mutation to high affinity and is currently in a clinical trial (5, Apostolopoulos et al., unpublished data). We have also mutated the high affinity peptide STAPPAHGV which binds to HLA-A2, to even higher affinity; these peptides are also in clinical trial (5, Apostolopoulos et al., unpublished data). Recently, low affinity binding peptides to HLA-A2 were converted to high affinity by replacing the amino acid at P1 with tyrosine (58) . In that study, thirty two peptides derived from tumor and viral antigens (HIV, HBV, melanoma antigens, Her-2/neu) were mutated and higher binding affinity and stabilization to HLA-A2 was noted.
PEPTIDE MIMIC OF MUC1
Molecular mimicry has entered a new and promising stage for tumor immunotherapy. Immunization with "non-self" peptides may have the potential to generate greater immune responses than those occurring with self peptides. We previously reported that, by immunizing mice with a peptide that mimics MUC1, a strong cellular and protective response is generated against MUC1, as well as lysis of MUC1 + tumor cells (59) . This peptide (DAHWESWL) was isolated from a phage display library as it inhibited the binding of anti-Galalpha(1,3)Gal antibodies to Galalpha(1,3)Gal expressed on pig red blood cells, endothelial cells and peripheral blood lymphocytes; these studies were of relevance to xenotransplantation in another laboratory in our Institute (60) . It was also noted that Galalpha(1,3)Gal antibodies not only bound to the mimic peptide but also to MUC1 peptides (59) . Since DAHWESWL peptide was not presented by HLA-A2, we mutated the peptide to become a more compatible structure which included appropriate A2 binding motifs (DLHWASWV) Table 1 . Immunization of HLA-A2 transgenic mice with this peptide lead to the production of CTL which were able to lyse MUC1 + human breast cancer cells (MCF7) in vitro (59) . Other studies involving identification of peptide mimics, mainly rely upon more conventional amino-acid substitutions in the basic framework of a peptide epitope. We have, thus, demonstrated for the first time an example of how a completely different and unrelated peptide can elicit specific CTLs to a tumor antigen.
There has been great success in developing vaccines against many infectious diseases; however, a vaccine for cancer has been very difficult. Antigens from infectious diseases are foreign, hence, induction of an immune response to "non self" antigens is easier than inducing immunity to "self antigens". Most tumor antigens are also expressed on normal tissues, thus, making it difficult to induce strong immune responses against "self antigens". Immunizing humans with an unrelated, mimic peptide (which could be recognized by the body as foreign), may generate greater immune responses than those induced to self peptides. The MUC1 mimic peptide (DLHWASWV) is currently in a clinical trial, and it would be of interest to see in other systems whether mimicking peptides are more potent for inducing immunity than self peptides. Such attempts to find other mimicking peptides may introduce alternative, new and effective modes of immunotherapy for cancer in the future. Comparison of 8-mer peptides; non-canonical low affinity MUC1-8 (black) and canonical high affinity OVA8 peptide (blue). P2 occupies the B pocket, P5 the C pocket and P8 the F pocket. OVA8 clearly fills the B, C and F pockets whereas MUC1-8 leaves the pockets virtually empty which accounts for low affinity binding. Comparison of 9-mer peptides; non-canonical high affinity YEA9 (pink) and canonical high affinity SEV9 peptide (green). P2 occupies the B pocket, P6 the C pocket and P9 the F pocket. P6 in YEA9 does not point into the C pocket but into the E pocket, due to steric hindrance of Arg-P2. As a result there is a bulge in the peptide backbone between P5-P8. A new mode of peptide binding is demonstrated with YEA9. Figure was drawn using programs MOLSCRIPT and Raster3D.
CRYSTAL STRUCTURES OF PEPTIDES LACKING CANONICAL ANCHOR MOTIFS BOUND TO H-2K b
The mode of binding of high affinity, canonicalanchor motif peptides to murine and human MHC class I molecules have been described in detail (reviewed in 62) (and see below for OVA8 and SEV9). However, no structural information has been available on the binding of non-standard or low affinity peptides to MHC class I molecules, and whether they differed substantially in their interaction with the MHC and, therefore, with the T cell receptor. We recently determined the crystal structure of two peptides lacking canonical anchor motifs bound to MHC class I, H-2K b ; one bound with low affinity (MUC1 peptide) and the other bound with high affinity (Yeast peptide) (36).
Crystal structure of low affinity MUC1 peptide
MUC1-8 (SAPDTRPA) does not contain Phe/Tyr at P5 or Leu/Met at P8 which are usually associated with high affinity binding to H-2K b (15, 63) . MUC1-8 has small residues at P2 (Ala), P5 (Thr) and P8 (Ala) (4, 36) and has a relatively low affinity of 10 -7 M and is not stable at 37°C, compared to high affinity binding peptides which are in the 10 -9 M range. Other H-2K b 8-mer non canonical anchor motif containing peptides for which specific CTLs have been generated include MUT1 (FEQNTAQP) and MUT2 (FEQNTAQA) (20) . We recently determined the crystal structure of MUC1-8 in complex with H-2K b at 1.6Å resolution (36) . The side chains of residues that point into the C and F pockets are small; hence, these anchor pockets are not completely filled as compared to high affinity OVA8 peptide (SIINFEKL) Figure 1 . A large cavity is formed between the side chain of Thr-P5 and the α2-domain and the B-value for the side chain of Thr-P5 is high, indicating flexibility in this region; there are no cavities in this region for high affinity 8-mer peptide-MHC complexes, VSV8 and OVA8 (13, 22, 36) . In addition, a significant sidewards deviation (1.7Å) of the MUC1-8 peptide backbone towards the α1 helix is present from P5-P8, as compared to high affinity binding peptides. Surprisingly, all of the hydrogen bonds which are present in the high affinity peptide-H-2K b complexes (VSV8, OVA8, SEV9) are retained in the MUC1-8 complex with the addition of a novel hydrogen bond between Thr-P5 and Asnα70. The addition of a hydrogen bond would be expected to contribute to a higher affinity of peptide binding; however, this is not the case with MUC1-8. Peptide-MHC structures which do not have optimally-filled pockets often have additional water molecules to help occupy the vacated pockets. MUC1-8 has no additional water molecules; in fact, two water molecules (between the C and E pockets) are absent, compared to OVA8 and VSV8, leaving a large cavity at the side of the C pocket.
This low affinity peptide binds with the same overall features to MHC class I as high affinty peptides, in that, the peptide starts and finishes at the same position at the N-and C-termini; deviations occur within the central region of the peptide. The small peptide anchoring side chains at P2, P5 and P8, the absence of water molecules between the C and E pockets and the large cavity at the side of the C pocket, appear then to contribute to the low affinity and stability of MUC1-8 with H-2K b .
Crystal structure of high affinity Yeast peptide
During expression of MHC class I, H-2K b , in Drosophila melanogaster fly cells, yeastolate peptides which have been are added by the manufacturers to the culture medium, stabilize H-2K b and fortuitously aid in its purification (64) . These peptides bind to H-2K b and the predominant peptide found in the peptide-binding groove is SRDHSRTPM, or YEA9 (22) . YEA9 contains large residues at Arg-P2, Arg-P6 and Met-P9 at the anchor sites as compared to the preferred Ala/Gly/Ile-P2, Phe/Tyr-P6 and Val/Met-P9. The low affinity, MUC1-9 (SAPDTRPAP) and tumor-associated E6 human papillomavirus type-16 (RFHNIRGRW) peptides also contain an Arg-P6 (4, 19) .
We recently determined the crystal structure of YEA9 in complex with H-2K b at 1.5Å resolution (36) . The non-canonical anchor motif peptide, YEA9, binds with relatively high affinity (10 -8 M range) by insertion of long non-canonical anchor residues into the B and E pockets Figure 1 . Due to charge repulsion and steric hindrance, Arg-P2 in the B pocket prevents Arg-P6 from occupying the C pocket, causing a prominent bulge between P5-P7; as a consequence, Arg-P6 points into the E pocket displacing a conserved water molecule Figure 1 . Arg-P2 forms a novel buried salt bridge with Gluα24 and novel hydrogen bonds are formed between Asp-P3/Argα155, Arg-P6/Aspα77 and Thr-P7/Gluα152. An MHC class I mutant, H-2K bw9 , (whereby Valα9 of the MHC is replaced by Trp in order to eliminate the C pocket), was shown to preferably bind 9-mer peptides with Pro-P3 and Arg-P5 (65) . The authors predicted that Arg-P5 would most likely contact the E rather than C pocket, as is found in the YEA9 structure. Interestingly, MUC1-9, has Pro-P3 and Arg-P6 and it is possible that MUC1-9 binds similarly to YEA9 with a prominent bulge in the peptide backbone between P5-P9, and thus, may explain how anti-MUC1 monoclonal antibodies can bind to peptide in the groove (21) . As a result of Arg-P6 now occupying the E pocket, the C pocket is left vacant forming a significantly large cavity, which is not found in the other high affinity peptide-H-2K b complexes. In addition, Arg-P6 has a very high B-value, indicating flexibility within this region; despite this, YEA9 binds with relatively high affinity and is stable at 37°C.
It is clear that peptides lacking canonical anchor motifs can bind to MHC class I with relatively high affinity, and that all P2, P6 and P9 residues contribute in anchoring the peptide into the peptide-binding groove. These studies are important as they show that binding of peptide with high affinity can occur in two ways: (i) by canonical hydrophobic anchors binding in the C and F pockets and (ii) by non-canonical anchors binding in the B, E and F pockets. Non-canonical anchor motif peptides could be of value in immunotherapy studies and should be taken into account when predicting potential T cell epitopes from a protein sequence.
PERSPECTIVE
It is evident that MHC class I as well as class II molecules (not discussed here) are able to bind peptides which do not fit the accepted structural guidelines for high affinity peptide binding. High affinity peptides usually bind to MHC class I molecules by anchors that fit into discrete MHC class I pockets. However, it is apparent that peptides lacking canonical anchor motifs can bind and induce CTL. In addition, short peptides (3-5-mers), long peptides (up to 18-mers), and glycopeptides, have been demonstrated to bind to MHC class I. The identification of low affinity peptides, and their subsequent mutations to higher affinity, may be of greater importance for tumor immunotherapy than standard high affinity binding peptides, as T cells against low affinity self peptides would most likely not be tolerized. In addition, mimic peptides may be seen as nonself, which may also prove useful in immunization protocols. These findings broaden our understanding of the requirements and limitations of peptide binding and of epitope selection criteria for MHC class I molecules. All this information has given new insights in peptides binding MHC and future promise for the design of new vaccine candidates against many diseases. 
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